The Listeria monocytogenes surface protein ActA mediates actin-based motility by interacting with a number of host cytoskeletal components, including Ena/VASP family proteins, which in turn interact with actin and the actin-binding protein profilin. We employed a bidirectional genetic approach to study Ena/VASP ¢ ¢ ¢ ¢ s contribution to L. monocytogenes movement and pathogenesis. We generated an ActA allelic series within the defined Ena/VASP-binding sites and introduced the resulting mutant L. monocytogenes into cell lines expressing different Ena/VASP derivatives. Our findings indicate that Ena/VASP proteins contribute to the persistence of both speed and directionality of L. monocytogenes movement. In the absence of the Ena/VASP proline-rich central domain, speed consistency decreased by sixfold. In addition, the Ena/VASP F-actin-binding region increased directionality of bacterial movement by fourfold. We further show that both regions of Ena/VASP enhanced L. monocytogenes cell-to-cell spread to a similar degree, although the Ena/VASP F-actin-binding region did so in an ActA-independent manner. Surprisingly, our ActA allelic series enabled us to uncouple L. monocytogenes speed from directionality although both were controlled by Ena/VASP proteins. Lastly, we showed the pathogenic relevance of these findings by the observation that L. monocytogenes lacking ActA Ena/VASP-binding sites were up to 400-fold less virulent during an adaptive immune response.
Introduction
A wide range of cytosolic pathogens, including viruses and bacteria, have evolved similar mechanisms to exploit actin-based motility as a means of spreading into neighbouring host cells (Goldberg, 2001; Gruenheid and Finlay, 2003) . At least three of these microbes , Listeria monocytogenes , Shigella flexneri and vaccinia virus, manipulate the activity of the highly conserved eukaryotic Arp2/3 complex for de novo actin nucleation. Simply recruiting this complex to the microbial surface is not sufficient for motility, however, as the complex is inactive on its own and requires a nucleation promoting factor (NPF). In order to move, S. flexneri and vaccinia virus recruit an eukaryotic NPF called N-WASP while L. monocytogenes has evolved its own surface-bound NPF called ActA (Welch and Mullins, 2002) . WASP family proteins and ActA share a number of attributes, including binding and activating the Arp2/3 complex, binding monomeric actin, and recruiting the Ena/VASP family of proteins.
Members of the Ena/VASP family include Drosophila Enabled (Ena), the mammalian Ena orthologue (Mena), vasodilator-stimulated phosphoprotein (VASP), and Ena-VASP-like protein (Evl) Renfranz and Beckerle, 2002) . While some functional redundancy exists, an Ena/VASP double knockout mouse is embryonic lethal (although Evl is expressed) and the tissue distribution of the three murine proteins shows considerable variability (Lanier et al ., 1999; Bear et al ., 2000; Gambaryan et al ., 2001) . Both positive and negative regulatory roles have been ascribed to Ena/VASP proteins. Ena and Mena participate in axon guidance in Drosophila and mice respectively. VASP plays a role in the inhibition of platelet aggregation (Aszodi et al ., 1999) . Ena/VASP proteins also promote T cell receptor signalling to the cytoskeleton but dampen the speed of cell motility (Bear et al ., 2000; Krause et al ., 2000) . In addition, all three mammalian Ena/VASP family members boost L. monocytogenes motility (Laurent et al ., 1999) . Ena/VASP proteins contain three domains that mediate protein-protein interactions. The N-terminal Ena/VASP homology 1 domain (EVH1) binds peptides with the consensus motif FPPPP found in vinculin and zyxin in focal adhesions, SAX-3/Robo in axons, Fyb/SLAP in T-cell receptor signalling and ActA in L. monocytogenes (Niebuhr et al ., 1997; Bashaw et al ., 2000; Krause et al ., 2000) . Interestingly, the peptide with the highest affinity for the EVH1 domain is found within ActA (Prehoda et al ., 1999) . The Ena/VASP central domain is composed of proline-rich repeats that serve as binding sites for SH3 and WW domains as well as profilin (Reinhard et al ., 1992; Gertler et al ., 1996; Ermekova et al ., 1997) . Profilin is a monomeric, or globular, actin-(G-actin) binding protein which can enhance actin polymerization rates under some conditions by delivering ATP-actin to elongating filament barbed ends (Pantaloni et al ., 2001) . The Drosophila Abl tyrosine kinase also binds to the central domain of Ena via its SH3 domain. Genetic studies suggest that Ena plays a key role in Abl-dependent functions during development (Gertler et al ., 1990; Wills et al ., 1999) . Lastly, the C-terminal portion of Ena/VASP proteins, referred to as the EVH2 domain, mediates oligomerization as well as Gactin and filamentous actin-(F-actin) binding (Bachmann et al ., 1999; Loureiro et al ., 2002; Walders-Harbeck et al ., 2002) . The Ena/VASP F-actin binding subregion interacts with the barbed end of F-actin, competing with capping protein and decreasing branching density, resulting in longer, less branched filaments . A structure/function analysis of Ena/VASP proteins showed that for fibroblast cell migration, the F-actin-binding region was important for full Ena/VASP function but the central proline-rich domain was dispensable . In contrast, the Ena/VASP central domain was shown to contribute to L. monocytogenes speed but the Ena/VASP F-actin interaction region did not enhance the bacterial movement rate (Geese et al ., 2002) . However, no other aspects of bacterial motility were analysed.
In this study, we performed a comprehensive, combinatorial analysis of L. monocytogenes motility, cell-to-cell spread, and virulence by generating L. monocytogenes mutants carrying substitutions in the ActA Ena/VASPbinding sites and infecting cells expressing different Ena/ VASP deletion constructs and using a mouse model of listeriosis. Our results indicate that Ena/VASP proteins control four aspects of L. monocytogenes intracellular movement: speed and speed autocorrelation (via the Ena/ VASP central proline-rich domain) as well as retardation of forward movement and directionality (via the Ena/VASP F-actin-binding region). We show that when L. monocytogenes directional persistence rather than movement rate was analysed, the pattern of Ena/VASP domain contribution to L. monocytogenes movement was actually similar to that found for fibroblast motility :
the Ena/VASP central domain had no effect while the F-actin-binding region was important. However, when all aspects of L. monocytogenes motility were considered (i.e. in cell-to-cell spread), both Ena/VASP domains were found to contribute.
Results

Characterization of an allelic series of L. monocytogenes actA mutants
The important molecular interactions between EVH1 domains and proline-rich peptide ligands have been illustrated in several structural studies (Fedorov et al ., 1999; Prehoda et al ., 1999; Ball et al ., 2000) . Binding motifs include a polyproline II helix and a phenylalanine residue [both necessary for binding (Niebuhr et al ., 1997) ] and an acidic residue stretch [which increases the binding affinity of the Mena EVH1 domain for an ActA peptide by 90-fold but are not necessary for minimal binding (Prehoda et al ., 1999) ]. We constructed alanine-and glycine-substitution mutations, altering these motifs within the chromosomal actA gene of L. monocytogenes strain DP-L2157 ( D ActA1) which contains three proline-rich repeats (PRRs; Table 1 ). Clinical isolates of L. monocytogenes contain either three or four ActA PRRs (Wiedmann et al ., 1997) , so the D ActA1 genetic background was used to facilitate mutagenesis in the repeated region rather than the 10403S wild-type isogenic strain which contains four ActA PRRs. Table 1 lists the strains discussed in this paper: the GRR mutant lacks the ActA polyproline II helices, the 3F mutant lacks the critical ActA PRR phenylalanines, and the DEE mutant lacks the ActA PRR acidic residues. Growth of the L. monocytogenes mutants was indistinguishable from that of wild type in broth and in J774 macrophage-like cells (A. Sadikovic, V. Auerbuch and D. A. Portnoy, unpubl. data) .
To test whether the mutant ActA proteins were expressed at normal levels, bacterial proteins were labelled with ( 35 S)-methionine inside J774 cells and visualized by autoradiography (Fig. 1) . Phosphorimager analysis indicated that the total amount of ActA expressed in cells was not changed in the L. monocytogenes mutants as compared with the parental strain (Fig. 1) . The D ActA1 and 10403S ActA alleles were previously reported to be expressed at similar levels intracellularly (Smith et al ., 1996) . ActA is normally phosphorylated inside the host cytosol on residues within the proline-rich region (Brundage et al ., 1993) . However, a point mutant of ActA which cannot be phosphorylated showed no phenotypic differences in a number of in vitro and in vivo assays (V. Tam, A. Decatur, V. Auerbuch and D. A. Portnoy, unpubl. data) . ActA from intracellularly grown D ActA1 and GRR strains ran as a doublet characteristic of phosphorylation, but 3F and DEE ActA did not. Also, as noted previously for ActA, altering charged residues can cause a protein to run aberrantly on SDS-PAGE (Skoble et al ., 2001) , such as in the case of the DEE allele.
High-affinity Ena/VASP-ActA binding is important for early initiation of actin-based motility
In order for actin-based motility to occur, an actin cloud must form around a bacterium, which over time gains asymmetry, forming a tail-like structure that propels the bacterium forward (Theriot et al ., 1992) . In order to investigate whether the efficiency of actin cloud and tail formation was altered as a result of the mutagenesis described above, we infected primary bone marrow-derived macrophages with the mutant L. monocytogenes strains and visualized intracellular bacteria and host F-actin by fluorescence microscopy. These highly phagocytic cells facilitated observation at early time points. At 1.5, 2 and 4 h post-inoculation, the numbers of cloud-and tail-associated bacteria were counted. The mutants predicted from biochemical studies to be the most affected in Ena/VASP binding (GRR, 3F and D RR, a L. monocytogenes strain expressing ActA deleted for the entire Ena/VASP-binding region; see Table 1 ) displayed a 1.5-to threefold reduction in the number of actin clouds formed 2 h post-inoculation ( Fig. 2A and data not shown). Interestingly, the DEE mutant (which still contains essential Ena/VASP-binding motifs) lagged behind its parental strain ( D ActA1) in cloud formation early during infection ( Fig. 2A) . These data suggest that a high-affinity ActA-Ena/VASP interaction is important for early initiation of actin-based motility, perhaps because ActA must recruit Ena/VASP proteins away from their natural host EVH1 ligands. Consistent with this, we observe a lag in Mena-EGFP localization to the DEE mutant surface as compared with wild-type L. monocytogenes (V. Auerbuch and D. A. Portnoy, unpubl. results) .
The number of clouds associated with the D ActA1 parental strain levelled off between 2 and 4 h. Concurrently, the number of tail-associated D ActA1 increased dramatically, suggesting that D ActA1 clouds were turning into tails. In contrast, the number of tails formed by the D RR strain was low throughout the infection and corresponded to a continual accumulation of actin cloudassociated bacteria in the host cells. This cloud-to-tail transition defect was also seen for the GRR and 3F mutants (data not shown). The DEE strain, however, displayed a wild-type number of tails 4 h post-inoculation. Taken together, these data indicate that L. monocytogenes must retain at least a low-affinity ActA-Ena/VASP interaction in order to mediate the cloud-to-tail transition efficiently.
A low-affinity ActA-Ena/VASP interaction is sufficient to support a fast-moving subpopulation of motile L. monocytogenes
We analysed the intracellular motility of the actA mutant strains in bone marrow-derived macrophages. These Smith et al. (1996) LR: long-repeated sequence. cells are thick and not conducive to phase contrast video microscopy. Because tail length has been shown to be proportional to motility rate under conditions where the actin filament depolymerization rate is constant and independent of speed (Theriot et al., 1992) , we measured L. monocytogenes tail length 4 h post-inoculation. As previously reported (Smith et al., 1996) , the DRR strain moved slower than wild-type bacteria as judged by the tail length criterion (values listed in Fig. 3A) . The GRR and 3F strains displayed tail lengths that were statistically longer on average than DRR, indicating that the GRR and 3F mutants may retain some residual Ena/VASP activity. Interestingly, upon normalization of the tail length data (by performing a log 10 transformation), subpopulations of motile L. monocytogenes were revealed that explained the differences in average tail length [log 10 (tail length in mm); Fig. 3A ]. The percentage of L. monocytogenes associated with short tails remained constant between wild-type and actA mutant strains (7-11% of total bacteria, tail length shorter than 1.7 mm). In contrast, while 9-12% of wild-type L. monocytogenes displayed long tails (1.7 mm tail length or longer), only 1-4% of DRR, 3F or GRR did. In contrast, the DEE strain exhibited a significantly longer average tail length than its parental strain and had a bimodal motile population distribution (Fig. 3A) . These data indicate that ActA-mediated Ena/ VASP recruitment is dispensable for basal L. monocytogenes movement, but is required for robust motility. Furthermore, a high-affinity ActA-Ena/VASP interaction (which requires the ActA PRR acidic residues) leads to slower motility.
The Ena/VASP proline-rich central domain and the ActA polyproline II helices facilitate a rapid and consistent movement rate
To determine the contribution of the Ena/VASP central proline-rich domain to L. monocytogenes intracellular motility, we analysed bacterial movement in the presence of a Mena derivative lacking this region (Mena-DPRO). We performed video microscopy of L. monocytogenes in PtK2 and MV D7 cells, capturing an image every 10 s for 3 min and measured bacterial speed as well as speed autocorrelation. The MV D7 cell line was derived from embryonic fibroblasts taken from Mena/VASP double knockout mice which were selected in vitro for a level of Evl expression undetectable by standard Western analysis (Bear et al., 2000) . We quantified the persistence of bacterial speed by determining the speed autocorrelation coefficient for every 10 s interval within each bacterial movement path (Fig. 3B ). An autocorrelation function in this case describes the degree of similarity in bacterial speed from one time interval to the next, compared with the variance in speed over the entire trajectory (Giardini and Theriot, 2001 ). The GRR strain in PtK2 cells and wild-type L. monocytogenes in MV D7 -MenaDPRO cells displayed almost no speed autocorrelation while wild type and the 3F mutant displayed a 20-30% average speed autocorrelation in MV D7 -Mena-wt or PtK2 cells over all 10 s intervals. Furthermore, even though the GRR mutant in PtK2 cells (Fig. 4) and wild-type bacteria in MV D7 -MenaDPRO cells (Geese et al., 2002) (Fig. 4 ) moved slower on average than their respective wild type, the decrease in speed autocorrelation did not depend on a concomitant decrease in bacterial velocity (data not shown). Taken together, these data suggest that the Ena/VASP central proline-rich domain and the ActA proline-rich motifs enhance not only bacterial speed but also speed persistence. 
The Ena/VASP F-actin-binding region and the ActA Ena/VASP-binding sites are necessary for directional persistence
To determine the contribution of the Ena/VASP-F-actin interaction on L. monocytogenes actin-based motility, we performed video microscopy of L. monocytogenesinfected MV D7 -Mena-wt cells and MV D7 cells expressing an EGFP-Mena derivative lacking its F-actin-binding region (MenaDFAB) . We observed a striking quality to the bacterial movement paths (Figs 5 and 6) and analysed the curvature ratio of each bacterial trajectory. The curvature ratio is the total distance one bacterium moves over 3 min divided by the linear distance between the start and finish points of the movement path. About 30% of wild-type L. monocytogenes exhibited a curvature ratio of four or higher in MV D7 -MenaDFAB cells compared with only 5% in MV D7 -Menawt cells (Fig. 7A and B) , suggesting that in the absence of the Mena-F-actin interaction, L. monocytogenes tends to move less linearly. While this type of analysis illustrates that not all bacteria display altered paths, it only provides a general expression of overall curvature within a movement path. For this reason, we undertook a more extensive statistical analysis of curvature, measuring the average change in angular direction displayed by each bacterium at discrete intervals along the whole bacterial track. The persistence length of trajectories displayed by or PtK2 cells analysed over all 30 s time intervals. The dotted lines within each bar represent the 25th and 75th percentiles. The solid line in the centre of each bar represents the median. Each box encloses 90% of the data (5% < ¥ < 95%). Values listed are the average fastest bacterial movement rate over 1 min within each 3 min track ± SEM for each bacterial population. a. Significantly different from MVD7-Mena-wt cells at P < 0.0001 by the Mann-Whitney U-test (MiniTab Software). b. Significantly different from 10403S in PtK2 cells P < 0.0001. *Directional persistence statistically different as compared with the appropriate wild-type population according to the Mann-Whitney U-test: P < 0.0001 for 3F, GRR and MV D7 -MenaDFAB, P = 0.02 for DEE. In addition, the GRR, 3F, and MenaDFAB populations displayed a significantly different distribution compared with their respective wild type by the ANOVA test with a 95% confidence interval. -Mena-wt cells, indicating that L. monocytogenes loses its original direction after travelling only about 1.5 bacterial lengths in the absence, compared with after four bacterial lengths in the presence, of the Mena-F-actin interaction (Fig. 7C ). In addition, the persistence length for the GRR strain in PtK2 cells was 7.4 mm compared with 9.2 mm for wild-type L. monocytogenes 10403S (Fig. 7D) . In contrast, bacteria in MV D7 -MenaDPRO cells exhibited normal curvature, even though their speed was compromised (Fig. 4) . Importantly, the MenaDFAB protein did not act as a dominant allele on directional persistence as bacterial path curvature was only slightly increased in Rat2 cells expressing an endogenous copy of Mena and exogenous MenaDFAB (data not shown). These results indicate that the ActA-Ena/VASP and the Ena/VASP-Factin interactions may facilitate straighter bacterial movement.
The Ena/VASP F-actin-binding region and the central proline-rich domain both contribute to L. monocytogenes cell-to-cell spread
The end result of actin-based motility is intercellular spread. In order to measure the relative spreading ability of our actA mutant strains, we performed a plaquing assay in MV D7 cells expressing different Mena derivatives. Plaque diameters were measured after 3.5 days of bacterial growth and the plaque size of wild-type L. monocytogenes 10403S in MV D7 -Mena-wt cells was set at 100%. Loss of the essential ActA Ena/VASP-binding motifs led to a 40% decrease in plaque size, consistent with the previously published plaque size of the DRR strain in L2 fibroblasts (Smith et al., 1996) . Furthermore, ablation of the ActA acidic residues (DEE), which serve to increase Ena/VASP binding affinity, resulted in a 20% decrease in plaque size.
The contribution of the Ena/VASP central proline-rich domain to L. monocytogenes cell-to-cell spread was addressed by performing the plaquing assay in MV Table 2 ) even though bacterial speed was faster in the presence of MenaDFAB (Geese et al., 2002) (Fig. 4) . These data suggest that loss of directional persistence results in less efficient cell-to-cell spread.
Surprisingly, the plaque sizes of all the L. monocytogenes strains tested in MV D7 -MenaDFAB cells decreased approximately to the same extent regardless of the ActA -MenaDFAB or MV D7 cells were grown in a semisolid layer of agarose-DMEM (see Fig. 8 ). The plaque diameters were measured after 3.5 days. b. All absolute plaque diameter measurements were averaged and the wild-type 10403S plaque diameter in MV PRR sequence (Table 2) . Consistent with these data, we found that the Mena EVH2 domain was recruited to the surface of both wild type and DRR, but not DActA, L. monocytogenes (unpubl. data). In addition, a low level of VASP was detected on the surface of the DRR and GRR strains in HeLa cells (data not shown). We conclude that even in the absence of direct binding to ActA, the Ena/ VASP-F-actin interaction plays a role in L. monocytogenes cell-to-cell spread.
Taking into account the individual defects associated with deleting the Mena F-actin-binding region and central domain as well as the defect associated with altering the ActA PRRs, the predicted plaque deficiency in cells lacking Ena/VASP proteins is 60% (20% attributed to the Ena/ VASP central domain, 20% to the Ena/VASP F-actin-binding region, and 20% of the defect associated with the ActA PRRs that cannot be ascribed to either Ena/VASP region). Other properties of Mena (phosphorylation and oligomerization) had little to no effect on the plaque size of L. monocytogenes strains discussed here (data not shown). To determine the efficiency of cell-to-cell spread in the absence of Ena/VASP activity, we performed a plaque assay in MV D7 cells. Surprisingly, the plaque deficiency of wild-type L. monocytogenes in these Mena/VASP knockout cells was only 29% compared with MV D7 -Mena-wt cells (Table 2) . We investigated whether a small amount of Evl could be expressed in MV D7 cells. Evl was detected on the surface of a subpopulation of intracellular wild-type L. monocytogenes but not on the DRR strain, suggesting that recruitment was specific for the Evl EVH1 domain (data not shown). Western analysis of uninfected and infected MV D7 cell lysate revealed trace amounts of endogenous Evl (data not shown).
The ActA-Ena/VASP interaction is important for L. monocytogenes virulence during an adaptive immune response
To determine the virulence defect associated with the ActA mutations, we performed a competitive index assay to determine the relative number of colony-forming units (cfu) of mutant versus wild-type bacteria in the livers of both naïve and L. monocytogenes-immunized animals. Wild-type L. monocytogenes grew/survived significantly better than the GRR, 3F and DEE strains (Table 3) especially during secondary infections, when a rapid and potent adaptive immune response is present (Busch et al., 1998) . Indeed, in the livers of previously immunized animals, the GRR and 3F strains were about 400-fold less virulent than wild-type L. monocytogenes. Furthermore, the DEE mutant displayed a 40-fold virulence defect, indicating that even a low ActA-Ena/VASP affinity interaction is insufficient for full virulence when faced with strong immunological pressures.
Ena/VASP-mediated control of bacterial speed and directional persistence are uncoupled as revealed by mutations in the ActA Ena/VASP-binding sites
While L. monocytogenes in MV D7 -MenaDFAB cells moves less directionally, it also exhibits more rapid motility (Fig. 4) (Geese et al., 2002) . This is consistent with the hypothesis that indirect binding of actin filaments to the bacterial surface via Ena/VASP-ActA interactions produces a retarding or frictional force, slowing net bacterial movement. Consistent with these observations, we find that a lower affinity ActA-Ena/VASP interaction facilitated more rapid (and less directionally persistent) motility (DEE: Fig. 3A and 4) . These results suggest that the ActAEna/VASP-F-actin interaction may serve to retard forward bacterial motion.
The 3F mutant displayed wild-type motility rates in PtK2 cells and longer than average tail length than the DRR and GRR mutants in bone marrow-derived macrophages ( Fig. 3A and 4) . We have observed brighter anti-VASP staining on the 3F surface than around the DRR strain in HeLa cells (unpubl. obs.), suggesting that the 3F allele retains residual Ena/VASP activity and therefore represents an allele of intermediate severity between the GRR and DEE alleles (Table 4) . Furthermore, while the 3F mutant moved at wild-type rates and with wild-type speed autocorrelation, it displayed loss of directional persistence (Fig. 4) , suggesting a retention of enough Ena/VASP activity for proper Ena/VASP central domain function but not for proper Ena/VASP F-actin-binding region function. However, the 3F and GRR mutants displayed equivalent cell-to-cell spread efficiency and similar virulence attenuation, so whatever residual Ena/VASP activity the 3F mutant may possess is not sufficient to boost its pathogenesis.
Discussion
Listeria monocytogenes exploits the power of actin-based motility in mammalian cells and in cell extracts to move with a consistent speed and directionality. In this study, we show that the Ena/VASP central proline-rich domain and F-actin-binding region are required for persistent intracellular movement. The Ena/VASP central region promotes bacterial speed autocorrelation as well as movement rate while the Ena/VASP F-actin-binding region retards bacterial speed but promotes directionally persistent movement by distinct ActA EVH1 ligand-dependent and independent mechanisms. The ability of L. monocytogenes to spread from cell-to-cell requires both functions; rapid speed alone is insufficient for maximal cell-to-cell spread in the absence of normal directional persistence. Persistent actin-based motility is especially important during an adaptive immune response.
Characterization of an ActA allelic series reveals distinct functions of Ena/VASP proteins
Wild-type L. monocytogenes ActA proteins contain three or four Ena/VASP binding sites (PRRs) that are higher affinity ligands for EVH1 domains than the ligands found in zyxin or vinculin, normal Ena/VASP host binding partners (Prehoda et al., 1999) . Evidence provided here suggests that a strong ActA-Ena/VASP interaction enables L. monocytogenes to recruit Ena/VASP proteins away from competing cellular EVH1 domain ligands. Because Ena/ VASP proteins have been shown to aid in Arp2/3-mediated actin nucleation in the absence of ActA G-actin binding (Skoble et al., 2001; Geese et al., 2002) , robust recruitment of Ena/VASP to the bacterial surface early in intracellular growth could facilitate rapid actin cloud formation. However, we find that a lower affinity ActA-Ena/VASP interaction (in the absence of the ActA PRR acidic residues) allows L. monocytogenes to retain many Ena/VASP functions. According to our cell-based assays, the mutants that display the weakest Ena/VASP-associated activity are the GRR and DRR strains. The 3F mutant retains slightly more activity, followed by the DEE mutant, the DActA1 parental strain (3 PRRs) and wild-type 10403S (4 PRRs). By mutagenizing the ActA EVH1-binding sites, we were able to separate two important contributions of Ena/VASP proteins to actin-based motility: speed and curvature (discussed below).
Profilin may buffer the rate of actin monomer delivery to growing filament ends at the bacterial-tail interface
L. monocytogenes speed is thought to be equal to the net rate of actin filament elongation at the bacterial surface (Theriot et al., 1992) . Actin polymerization of free, unloaded filaments is kinetically a first-order, diffusionlimited reaction (Drenckhahn and Pollard, 1986; Pollard, 1986) . If G-actin addition to filament ends were the ratelimiting step for bacterial movement, bacterial speed should also behave with first-order kinetics. One prediction of a simple first-order kinetic scheme is that bacterial speed should be uncorrelated over time, i.e. if speed is measured every 10 s over a 3 min window, the speed measured over one interval should be no more similar to the speed measured over an adjacent interval that it is to any speed measurement chosen at random from the same track (the speed autocorrelation must be zero). In fact, speed autocorrelation is non-zero for L. monocytogenes movement under normal conditions (Giardini and Theriot, 2001 ) (this study). In contrast, the autocorrelation does go to zero for bacteria in MV D7 -MenaDPRO cells, as well as for the GRR strain in PtK2 cells. We suggest that the recruitment of profilin to the bacterial surface via the Ena/VASP central domain is required for the maintenance of persistent speed. The cellular pool of monomeric actin is generally sequestered by the protein thymosin-b4 (Pollard and Borisy, 2003) . Profilin can stimulate nucleotide exchange on actin (Goldschmidt-Clermont et al., 1991; Wolven et al., 2000) and facilitate actin assembly at uncapped barbed ends to a greater extent than actin alone (Pantaloni and Carlier, 1993; Kang et al., 1999) . Profilin is thought to increase the rate of actin polymerization by shuttling actin monomer from thymosin-b4 to Factin. In this context, profilin may act to buffer the local Gactin concentration by providing a large number of nearby low-affinity G-actin binding sites, so that the delivery rate of monomers to filament ends within the L. monocytogenes tail is no longer strictly diffusion limited. Interestingly, a low-affinity interaction between ActA and Ena/VASP was sufficient to mediate speed persistence as the 3F and DEE mutants showed wild-type speed autocorrelation (Fig. 3B and data not shown) .
Because the Ena/VASP central domain is known to bind proteins other than profilin, it is possible that profilin recruitment is not the only important contribution of this region on L. monocytogenes movement. To our knowledge, no role has been ascribed to SH3 or WW domaincontaining Ena/VASP binding partners in L. monocytogenes actin-based motility. For this reason, we have discussed the importance of the Ena/VASP central domain in terms of profilin recruitment.
Ena/VASP-F-actin binding enhances directional persistence and cell-to-cell spread independently of the ActA EVH1 ligands
A recent report suggested that while the Ena/VASP central domain enhanced L. monocytogenes motility, the Ena/ VASP F-actin-binding region did not (Geese et al., 2002) . However, this study only addressed bacterial movement rate. Here we show that the Ena/VASP F-actin-binding region in fact contributes to L. monocytogenes cell-to-cell spread. Indeed, the plaque sizes of L. monocytogenes ActA PRR mutants are decreased to the same extent in MV D7 -MenaDFAB cells as the wild-type L. monocytogenes plaques, suggesting that the Ena/VASP F-actin-binding region controls cell-to-cell spread independently of Ena/ VASP-ActA binding. Consistent with this conclusion, we see residual Ena/VASP recruitment to the L. monocytogenes surface in the absence of the ActA EVH1 ligands. Ena/VASP proteins have been shown not to bind ActA outside the proline-rich repeats (Niebuhr et al., 1997) . However, Ena/VASP proteins do bind other components of the L. monocytogenes actin tail including F-actin itself and profilin [which in turn binds the Arp2/3 complex (Machesky et al., 1994; Welch et al., 1997) ]. Ena/VASP proteins may be recruited to the bacterial surface by these alternative pathways. This point is an important one as L. monocytogenes mutants lacking the ActA PRRs were assumed to lack all Ena/VASP activity. In fact, we still do not know the phenotype of L. monocytogenes intra or intercellular motility in intact cells in the complete absence of Ena/VASP proteins.
It is not clear how the Ena/VASP F-actin-binding region promotes L. monocytogenes directionality or cellto-cell spread once Ena/VASP is associated with the bacterium. Bear et al. (2002) showed that the Ena/VASP F-actin-binding region affects actin filament ultrastructure at the leading edge of motile cells by promoting the formation of longer, less branched filaments. Perhaps this also occurs within L. monocytogenes comet tails. An actin tail consisting of all short, highly branched filaments (no Ena/VASP-F-actin interaction) might alter the directional persistence of bacterial trajectories compared with the wild-type tail situation where both long, parallel filaments and short, branched filaments coexist (Zhukarev et al., 1995) . We have observed similar numbers of actin clouds and tails associated with L. monocytogenes in the presence or absence of the Ena/VASP F-actin-binding region (unpubl. results), implying that the only observed defect which could cause decreased cellto-cell spread in the MV D7 -MenaDFAB cells is decreased directionality. This explanation assumes that less linear L. monocytogenes movement would decrease the likelihood that a given bacterium would approach the cell periphery ( Fig. 6 illustrates this point). However, it is also possible that the ability of L. monocytogenes to form a protrusion upon contact with the inner leaflet of the host plasma membrane (a step that is necessary for cell-to-cell spread) may be affected by the Ena/VASP Factin-binding region. Ena/VASP F-actin binding may be required for interaction with the cortical actin network at the cell periphery during protrusion formation. In this case, Ena/VASP proteins located at the cell membrane (and not just at the L. monocytogenes surface) might be important for cell-to-cell spread. Interestingly, the Factin-binding region is necessary for proper localization of Ena/VASP to the lamellipodial edge . Alternatively, L. monocytogenes moving in the absence of Ena/VASP-F-actin binding may get deflected away from the cell membrane more often than in the wild-type situation. ) (Giardini and Theriot, 2001) . Under these conditions, viscous forces greatly exceed inertial forces, so the bacterial instantaneous speed is a function of the net sum of forces acting on the bacterium at that moment in time (Purcell, 1977) . The actin comet tail includes hundreds of actin filaments impinging on the bacterial surface (Tilney and Portnoy, 1989) . At any instant in time, some subset of these filaments are actively elongating and pushing on the bacterial surface, while others are bound to the surface and exerting a retarding force (Mogilner and Oster, 2003) . L. monocytogenes is normally attached to its tail with an interaction strong enough that a force of 10 pN supplied by an optical trap is unable to separate it from its tail (Gerbal et al., 2000) . The ActAEna/VASP-F-actin interaction has been proposed to mediate attachment of L. monocytogenes to filaments within its actin tail (Kuo and McGrath, 2000; Dickinson and Purich, 2002) , and so consequently may mediate a retarding force on motility. Other interactions, including ActA-Arp2/3-F-actin binding, may also contribute to attachment (Mogilner and Oster, 2003) . In agreement with a previous report (Geese et al., 2002) , we find that disruption of the Ena/VASP-F-actin interaction speeds up bacterial movement.
Under low Reynolds' number, net speed is a direct readout of the imbalance between the pushing and retarding forces on L. monocytogenes mediated by its actin tail. Compared with wild-type ActA, our most severe mutant ActA alleles (DRR and GRR) may decrease the pushing force (the rate of which is enhanced by the Ena/VASP central domain) to a greater extent than they decrease the attachment force (mediated at least in part by the Ena/ VASP F-actin binding region), so the net imbalance and therefore the net speed is decreased. But, our least severe allele (DEE) may decrease the pushing force to a lesser extent than it decreases the attachment force, so the net imbalance, and therefore the net speed is increased. The intermediate allele (3F) seems to show the very interesting property of decreasing both forces to the same extent, so the net average speed is identical to the speed of wild-type L. monocytogenes. We suggest that a perturbation of the ActA-Ena/VASP-F-actin interaction either at the ActA-Ena/VASP or the Ena/VASP-F-actin link decreases the strength of the bacterial-tail interaction, decreases resistance to forward movement, and so increases movement rates.
However, while the ActA-Ena/VASP-F-actin interaction may control bacterial speed, it does not play a major role in directional persistence. While disruption of ActA-Ena/ VASP binding (GRR mutant) seems to affect directionality of L. monocytogenes movement to some degree, the difference in directional persistence is much greater when Ena/VASP-F-actin binding is varied (MV D7 -MenaDFAB versus -Mena-wt cells). This is consistent with our plaquing data showing that mutating the Mena F-actin-binding region further impairs the cell-to-cell spread efficiency of L. monocytogenes mutants already defective in the ActAEna/VASP interaction.
We describe here a set of parameters for comprehensive analysis of actin-based motility. We conclude from our data that Ena/VASP proteins not only facilitate actin cloud and tail formation on the L. monocytogenes surface, but also control temporal and spatial persistence of bacterial motility. An enhanced and more constant rate of pushing exerted on L. monocytogenes by its tail is mediated by the Ena/VASP central proline-rich domain (possibly by recruiting profilin which then acts as a G-actin buffer) in an ActA EVH1 ligand-dependent manner. By binding F-actin, Ena/ VASP proteins also contribute to directional persistence and enhance cell-to-cell spread independently of direct binding to ActA.
Experimental procedures
Bacterial strains, cell lines and mice
Listeria monocytogenes 10403S and isogenic mutants were grown to stationary phase in brain-heart infusion (BHI; Becton Dickinson) at 30∞C before infection of cells. Bone marrowderived macrophages were isolated as previously described (Jones and Portnoy, 1994) and frozen in 10% DMSO-containing media. Aliquots of 10 7 bone marrow-derived macrophages were thawed, washed and allowed to adhere to glass coverslips overnight in a humidified 37∞C incubator. MV D7 cell lines were maintained at 32∞C in DMEM containing 15% serum and 50 U ml -1 of IFN-g as described in Bear et al. (2000) . Rat2 and PtK2 cells were carried at 37∞C with 10% serum (in DMEM and RPMI from Invitrogen respectively). Five-to 7-week-old C57BI/6 mice were purchased from Jackson Laboratories.
Generation of isogenic ActA mutants
Splice-by-overlap (SOE) PCR (Horton et al., 1990 ) was used to construct the 3F (residues 265, 333 and 380 were changed to alanines) and DEE (residues 271-3, 275, 341-3, 345, 386-8 were changed to alanines) mutations. Plasmids encoding the 3F and DEE mutations were each generated by three consecutive rounds of SOE PCR using pDP2118, which contains a deletion of proline-rich repeat 2 and long repeat 2 (corresponding to the ActA allele of DP-L2157), as a template. Primer 5¢-GCCACCACCTACGGCTGCAGCGT TAGCACTTGCTTTGCCAG-3¢ and its complement were used for the first round of DEE SOE PCR and the resulting fragment was gel purified and used as a template for the next round. Primer 5¢-GCACTAGCAATTATGCGGGAAACAGCAC CTTCG-3¢ and its complement were used for the second round of SOE PCR. Again, the resulting fragment was used as a template for the third round of SOE PCR. Primers 5¢-CCAATCCCAACAGCAGCAGCGTTGAACGGGAGAGG-3¢ and its complement were used for this last round of SOE PCR and the resulting fragment was digested with SalI and KpnI and ligated into similarly digested pDP-3934 to generate pDP-L4034. The same strategy was used for 3F, using primer complements 5¢-GAGGTAAATGCTTCGGACGCCCCGCCA CCACCTACG-3¢, 5¢-CCATCGGAACCGAGCTCATTCGAAG CTCCACCGCCTCCAAC-3¢, and 5¢-CGCCATAGCGAAAA TTTCTCTGATGCGCCACCAATCCCAAC-3¢ to generate pDP-L4170. To replace the chromosomal copy of actA with the mutated alleles, allelic exchange was performed as described by Skoble et al. (2000) . To verify that each strain contained the desired mutation, chromosomal DNA was amplified by PCR and the proline-rich repeats of ActA were sequenced.
Analysis of intracellular ActA expression
( 35 S)-methionine labelling of surface proteins from L. monocytogenes strains grown inside J774 macrophage-like cells was performed as previously described (Brundage et al., 1993) . Phosphorimager analysis was performed as previously described (Glomski et al., 2002) .
Indirect immunofluorescence
Bone marrow-derived macrophages were incubated with L. monocytogenes in media containing L cell-derived colony stimulating factor I (Jones and Portnoy, 1994) . After 30 min, the monolayer was washed three times and, after an additional 30 min, 50 mg ml -1 gentamicin was added. Samples were fixed with formalin and stained with rhodamine-phalloidin and rabbit polyclonal anti-Listeria antibodies (Difco Laboratories) followed by FITC-conjugated goat anti-rabbit secondary antibodies. MV D7 cells were grown on glass coverslips for 1-2 days at 32∞C. Cells were infected at 37∞C with 6 ¥ 10 7 L. monocytogenes in 2 ml of media containing IFN-g. After 1 h, the monolayer was washed three times with Dulbecco's phosphate-buffered saline (D-PBS; Invitrogen) and 50 mg ml -1 gentamicin was added after an additional 45 or 60 min. Five hours post-infection, the monolayers were fixed with formalin and stained with FITCor rhodamine-phalloidin, and anti-Evl antibody (Bear et al., 2000) followed by LRSC anti-rabbit secondary antibodies (DIFCO laboratories) and DAPI (Vector Laboratories). Infected cells were visualized using a TE300 inverted microscope (Nikon). Images were captured with a CCD camera (Hammamatsu), pseudo-coloured and merged using Phase 3 imaging systems software. Tail lengths in bone marrow-derived macrophages were measured using Metamorph software (Universal Imaging). Any bacterium asymmetrically coated with actin that exhibited a visible extension of F-actin away from one pole was considered to be tail associated.
Motility analysis
MV
D7 , Rat2 or PtK2 cells were grown on 25 mm glass coverslips for 1-2 days at 32∞C. Cells were infected at 37∞C with 6 ¥ 10 7 L. monocytogenes in 2 ml of the appropriate media. After 1 h, the monolayer was washed three times with D-PBS and 50 mg ml -1 gentamicin was added after an additional 30-45 min. Four hours post-infection, coverslips were transferred to an aluminium chamber kept at 37∞C by connection to a circulating water bath and covered with CO 2 -independent media (Invitrogen). Fluorescence (MV D7 expressing EGFPMena) or phase contrast (PtK2 cells) microscopy was performed using Metamorph software and the microscope and camera as described above.
Bacterial movement parameters were calculated by determining the position of the actin-tail associated pole of each bacterium at 10 s intervals over 3 min video sequences. Interval speeds were calculated by dividing the distance moved by the time interval, and average speeds were determined for each bacterial trajectory. Speed autocorrelation functions were calculated for each track using all possible pairs of interval speed measurements at all available time separations (10 to 170 s). Most autocorrelations decayed smoothly to 0 in less than 60 s. Values reported are correlation coefficients at 10 s separation.
For analysis of trajectory curvature, the cosine of the angle between track segments was calculated for all possible non-overlapping pairs of segments for each track, at all possible time intervals (from 10 to 170 s). Cosine values were sorted based on the distance travelled between segments and separated into 2 mm bins for calculation of average values and standard errors for each experimental condition. Persistence lengths were calculated by dividing the distance-sorted measurements into bins of 30 independent measurements and fitting an exponential decay curve to the averages of the binned data. In addition, the angular dispersion was calculated in rad mm -1 for all non-overlapping 30 s intervals in each track.
Plaquing
Plaque assays on MV D7 cell lines were performed as previously described (Jones and Portnoy, 1994) except for the following changes. Cells were grown to confluency at 32∞C for MV D7 . Plaques were measured 3.5 days post-inoculation. Next, 1-2 ¥ 10 5 bacteria were added per 2 ml MV D7 cell infection and incubated at 37∞C for the remainder of the experiment. Plaque images were captured using a scanner (Epson) and analysed using Canvas software (Deneba). The MV D7 plaques were somewhat irregularly shaped. For each noncircular MV D7 plaque, two diameter dimensions were measured and the average of the two was used to calculate the overall average for the experiment.
Competitive index assay
Animal experiments were performed as previously described . Immunized C57Bl/6 mice were challenged 4 weeks post-immunization. Data are the average fold defect over the wild-type reference strain taken from 10 to 17 mice in two to four separate experiments.
